In November 2012, we installed an L-band annular groove phase mask (AGPM) vector vortex coronagraph (VVC) inside NACO, the adaptive optics camera of ESO's Very Large Telescope. The mask, made out of diamond subwavelength gratings has been commissioned, science qualified, and is now offered to the community. Here we report ground-breaking on-sky performance levels in terms of contrast, inner working angle, and discovery space. This new practical demonstration of the VVC, coming a few years after Palomar's and recent record-breaking lab experiments in the visible (E. Serabyn et al. 2013, these proceedings), shows once again that this new-generation coronagraph has reached a high level of maturity.
INTRODUCTION
High contrast imaging is an attractive technique to search for exoplanets as it provides straightforward means to characterize them and their host system. Indeed, isolating the signal of exoplanets from the glare of their host star enables us to, e.g., measure and constrain their relative orbital motions with precise astrometry, characterize the planetary atmospheres through spectro-photometry, and understand planet-disk interactions. For these reasons, high contrast imaging constitutes one of the main science drivers of todays ground-based near-infrared adaptive optics instruments, such as NACO at the Very Large Telescope. 1, 2 In terms of detection of new objects, the current capabilities of NACO have almost been exhausted, a situation faced by most first-generation adaptive optics imagers and even the Hubble Space Telescope. That is not to say that no new discoveries can still be made, but just that we seem to be nearing a plateau, simply because the current parameter space has been combed through pretty thoroughly (note that early surveys were not optimal and could probably be redone). Only a few objects were discovered, and many non-detections reported and statistically interpreted. [3] [4] [5] The field is now in need of a technological breakthrough. It is expected that opening the parameter space to fainter/smaller planets closer to their parent stars will indeed bring many new objects. 6 This intermediate parameter space will be opened by the second-generation coronagraphic instruments that have started to arrive at all major observatories: SPHERE at the VLT, 7 the Gemini Planet Imager, 8 P3k-P1640 at Palomar, 9 and ScExAO at Subaru.
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These instruments have all been designed around coronagraphs fed by extreme adaptive optics systems, a configuration which is expected to break through the current contrast and inner working angle (IWA) floor. However, first-generation instruments such as NACO still possess untapped potential that only ten years of operations and understanding allow us to fully exploit, 11 especially in the mid-infrared (L' band, from 3.5 to 4.2 µm). This wavelength range offers significant advantages compared to shorter wavelengths:
12 (i) The L-band contrast of planetary-mass companions with respect to their host stars is predicted to be more favorable than in the H band [13] [14] [15] so that lower-mass, older objects can be addressed; and (ii) the L-band provides better and more stable image quality, with Strehl ratios well above 70% and sometimes as high as 90%, thus reducing speckle noise. These advantages certainly compensate for the increased sky background in the thermal infrared and the loss in resolution, especially if small IWA phase-mask coronagraphs are available.
AN AGPM VECTOR VORTEX CORONAGRAPH ON NACO
The AGPM is an optical vortex made from diamond subwavelength gratings (Fig. 1) . When centered on the diffraction pattern of a star seen by a telescope, optical vortices affect the subsequent propagation to the downstream Lyot stop by redirecting the on-axis starlight outside the pupil. 16 The advantages of the AGPM coronagraph over classical Lyot coronagraphs or phase/amplitude apodizers are small IWA, down to 0.9λ/D (e.g., 0."09 in the L' band at the VLT, slightly smaller than the diffraction limit); clear 360
• off-axis field of view/discovery space; outer working angle set only by the instrument and/or mechanical/optical constraints; achromatic over the entire working waveband (here L' band); high throughput (here ≃ 88%); and optical/operational simplicity. After eight years of intense technological development, the AGPM has reached a sufficient readiness level for telescope implementation. 17, 18 The AGPM selected for NACO was the third one in a series of four realizations (AGPM-L3). Its theoretical raw null depth limited by its intrinsic chromatism was estimated (assuming a trapezoidal profile, * see Fig. 1 ) and measured to be around 5 × 10 −3 (corresponding to a raw contrast of 2.5 × 10
at 2λ/D), which is more than needed for on-sky operations where the limit is set by the residual wavefront aberrations.
The AGPM was installed inside NACO as part of a planned overhaul in November 2012. The AGPM was mounted on the entrance slit wheel by means of a dedicated aluminum mount, designed by GDTech s.a. (see Fig. 2 , left). The assembly of the mount and AGPM was done on site at Paranal observatory in a clean room environment. Prior to on-sky tests and operations, a CONICA internal image of the mask was done (see Fig. 2 ), revealing significant dust contamination, marginally affecting the background noise. The slit wheel was set so that the center of the AGPM falls close to but slightly away from CONICA's detector quadrant intersection. The AGPM field of view is ≃ 15", corresponding to an outer working angle (OWA) of 7."5. The OWA is only limited by the size of the device (10 mm in diameter) and its mount. The mask transmittance at L' band was measured on the sky to be 85% ± 5%, which is consistent with the theoretical value and laboratory measurements, both ≃ 88%, limited by imperfect antireflective treatments and mild absorption features around 4 µm. 17 To stabilize speckles, we used the pupil tracking mode enabling angular differential imaging, 20 which is perfectly adapted to the circular symmetry and 360
• field of view of the AGPM. The CONICA camera is equipped with a pupil mask which blocks the telescope central obscuration and spiders. Once correctly aligned with the pupil (in x, y, and θ), this mask is optimal for use with the AGPM in pupil tracking mode (see Fig. 2 ). The measured throughput of the APO165 mask used here is ≃ 60%. In terms of sensitivity, it is worth noting that the throughput loss is almost entirely compensated by the improved thermal background. The pupil obscuration is responsible for more than 25% of the thermal emissivity of the telescope, even though its area only covers ≃ 5%. Therefore, instead of loosing 1 − √ 0.6 ≈ 0.225 in sensitivity, only 1 − 0.6/ √ 0.6 * 0.75 ≈ 0.1 is actually lost. To maintain its high contrast capabilities, the centering of the star on the AGPM must be within (λ/D)/10, or ≃ 10 mas (a third of a pixel at L27). This level of centering capability is now routinely obtained with NACO, both in pupil and field tracking modes; we typically measure ≃ 1 mas/minute drifts across the meridian.
FIRST LIGHT
On December 9, 2012, a representative observing sequence was performed on the 1.9-Gyr old main sequence standard star HD4691 (see Table 1 ), under ≃ 1."2 visual seeing conditions. This star was chosen to maximize brightness and field rotation during the short time allocated for this technical test. A ≃ 30-minute ADI sequence was obtained with a parallactic angle (PA) range of 30
• and for a total exposure time of 200s on source; the efficiency was mediocre for technical reasons. After acquiring an off-axis PSF for photometric reference, we measured an instantaneous contrast of ≃ 50 peak-to-peak (despite the average-to-bad conditions, see Table 1 ). The attenuation is about 5 times higher than measured with NACO's four-quadrant phase-mask coronagraph at Ks. [21] [22] [23] The coronagraph diffraction control yields two instantaneous benefits compared to classical imaging: (i) the peak saturation limit is decreased by a factor ≃ 50, and (ii) the level of quasi-static speckles pinned to the PSF and the stellar photon noise limit are potentially decreased by a factor ≃ √ 50 ≈ 7, both within the AO control radius of 7λ/D. All in all, the L'-band AGPM coronagraph allows the background limit to be reached much closer in.
Detection of a candidate companion
After applying basic cosmetic treatment to our sequence of 100 frames (background subtraction, flat fielding, and bad pixel/cosmic ray correction), we decided to use the quality and stability of the L'-band PSF provided by NACO to perform a sophisticated speckle subtraction. We used the very efficient principal component analysis (PCA) algorithm presented in Ref. 24 . The result, using the whole image and retaining three main components, is presented in Fig. 3 . By pure chance, the object has a ≃ 1 : 100 (or ∆L ′ ≃ 5) off-axis companion located at ≃ 0."19 (< 2λ/D), making this our first unexpected scientific result. The companion flux and astrometry were obtained by using the fake negative companion technique. 25 The method proceeds as follows: (i) estimate the (biased) position and flux of the companion from the first reduced image; (ii) use the measured off-axis PSF as a template to remove this first estimate from the cleaned data cube before applying PCA; and (iii) iterate on the position x,y and flux until a well-chosen figure of merit is minimized (χ 2 in a pie chart aperture centered on the first estimate of the companion position, 2.44λ/D in radius and 6 × 1.22λ/D in azimuth). The minimization was performed with the Simplex-Amoeba optimization.
Close to the center where the speckle field is intense, the companion flux can be overestimated because the minimization tries to subtract underlying speckles. To estimate our error bars, we decided to proceed with an alternative method called smart-ADI PCA: the frames used to construct the component basis are selected according to a minimum azimuthal separation criterion (here N δ = 0.7λ/D). With this technique, flux is much better preserved. We measured up to 200% additional flux compared to normal ADI PCA. However, fake planet tests still indicate a 25% flux loss, confirming that this method underestimates the flux and thus provides our lower bound. Finally, the coronagraph off-axis attenuation profile, measured in the lab 17 was also taken into account. Using the BCAH98 model, 26 we derived the properties of the newly discovered candidate companion, assuming association. Note that the TRILEGAL starcount model 27 yields a probability of 4 × 10 −7 that it is an unrelated background object. At an absolute L'-band magnitude of 6.65, and 1.9 Gyr for the system, the putative companion would most likely be an M2V star at projected separation of 11.8 ± 0.4 AU, and 354.
• 5 ± 0.
• 6 position angle (see Table 2 ).
Representative NACO AGPM detection limits
Since the presence of the companion affects the contrast, we took another similar representative ADI sequence on a different standard star (HD123888, see Table 1 ). This technical test was performed under better conditions, and benefited from our improved mastering of the new mode (efficiency was four times better than during the first light). A similar instantaneous attenuation was confirmed. To calibrate our detection limits against flux losses induced by PCA, we injected fake companions (at 15σ) prior to PCA and measured their throughput after PCA. We used the derived throughput map to renormalize the initial contrast curve a posteriori (see Fig. 4 ). Figure 4 shows excellent detection capabilities down to the IWA of the AGPM. The final calibrated contrast presented here (green dash-dot curve), is limited by the small PA range, especially at small angles. The floor reached beyond 1" is due to the background at L', and will be lower for brighter targets and/or longer integrations.
We would like to raise several flags that we will thoroughly address in subsequent papers: (i) Classical tools assuming Gaussian statistics, perfectly valid at large separation, lose significance close to the center simply because the sample size decreases dramatically. At a given angular separation r (in λ/D), there are 2πr resolution elements, i.e., only 6 at r = 1λ/D, 12 at r = 2λ/D, etc. (ii) The probability density function (PDF) of speckle noise and associated confidence level for detection depend on radius. ADI was shown to transform speckles' modified Rician PDF into quasi-Gaussian PDF at large separations, but it is expected that this property of ADI does not hold true at small angles.
28 (iii) The flux attenuation induced by ADI, potentially significant at small angles, does not scale linearly with the companion brightness, which makes its calibration more difficult. These points should be kept in mind when interpreting contrast curves such as those presented in Fig. 4 , but also all contrast/detectivity plots that have been presented so far in the literature for very small angles.
SCIENCE VERIFICATION ON β PICTORIS
For the science verification run (31 January 2013), we imaged the inner regions of β Pictoris down to the previously unexplored projected radius of 2 AU with unprecedented point source sensitivity (Fig. 5, O . Absil et al. 2013, in preparation). The planet was detected at very high SNR (Fig. 5, inset ), enabling precise astrometry and photometry. With the fake negative companion technique used in a multi-parametric optimization (Amoeba), we measured the following parameters: r = 0.452 ± 0.01 (first hint that the planet might be past quadrature), PA = 211.2
• ± 1.3
• , and ∆L ′ = 7.95 ± 0.16 mag. The disk was also clearly resolved (see J. Milli et al. 2013, in preparation). . The blue dashed curve shows the AGPM intensity profile before PCA, demonstrating the instantaneous contrast gain provided by the coronagraph at all spatial frequencies within the AO control radius (≃ 0."7). The green dash-dot curve presents the reduced PCA-ADI 5σ detectability limits (40 frames, 800s, ∆P A ≈ 30
• ), taking both the coronagraph off-axis transmission and the PCA-ADI flux losses into account.
CONCLUSIONS
The AGPM was designed to provide exquisite IWA (and OWA) capabilities, down to 0.9λ/D (0."09 at L'), as demonstrated in Fig. 4 . The downside of the AGPM's small IWA is its sensitivity to the Strehl ratio (as all coronagraphs) and to pointing errors. The Apodizing Phase Plate (APP) is another advanced coronagraph offered at L'. 30, 31 The only, but significant, benefit of this pupil plane phase apodizer over the AGPM is its intrinsic immunity to tip-tilt errors. This advantage, which has to be traded off with the significantly limited field of view provided by the APP, is decisive when tip-tilt is an issue as was the case with NACO prior to November 2011.
11 However, it is less obvious when the instrument provides nominal PSF stability.
In a couple of technical and science verification runs, the L'-band AGPM has proved to be an easy-to-use reliable coronagraphic solution, and one of the best high-contrast imaging modes of NACO (and most likely worldwide). Combined with ADI, we demonstrated that high contrast of the order of ∆L ′ > 7.5 mag can be -. reached from the IWA of 0."09 onwards, even with very modest on-source integration time, PA variation, and average conditions. The field of view is a clear 360
• discovery space 15" in diameter. The coronagraph is optimized for pupil tracking and is easy to use, thanks to the stability of the NACO L'-band PSF.
